Introduction
Acute promyelocytic leukemia (APL) 1 is the first neoplasia that was successfully treated with an inducer of differentiation (all-trans retinoic acid, ATRA), resulting in 80% of these patients achieving a complete remission. However, these remissions have been short-lived because the treatment failed to eradicate completely the malignant clone (1) .
Cancer can result from dysregulation of either cellular proliferation, differentiation, and/or apoptosis. APL is composed of a low fraction of cycling leukemic cells compared with other acute myeloid leukemias (2, 3) ; APL cells have prolonged cell survival (4) , and in vitro studies have shown that overexpression of promyelocytic myeloid leukemia-retinoic acid receptor (PML-RAR) ␣ protein (pathognomonic for APL) prolongs survival of myeloid precursor cells (4, 5) . Therefore, induction of apoptosis could be an important goal of APL therapy. Apoptosis (programmed cell death) is the genetically controlled process leading to cellular self elimination (6, 7) . Susceptibility to apoptosis is regulated by a number of different genes, including bcl-2 and bax oncogenes. The mitochondrial protein bcl-2 suppresses or delays the onset of apoptosis (8, 9) . In contrast, protooncogene bax, which encodes a membrane ( ␣ ) and two forms of cytosolic proteins ( ␤ and ␥ ), accelerates apoptotic death and counters the death repressor activity of bcl-2 (10) . To eliminate rapidly and efficiently the APL clone, the combination of potent differentiation-and/or apoptosis-inducing compounds, which mediate their actions through different receptors and signal pathways, may be useful.
Unlike ATRA, which binds only RARs, 9-cis retinoic acid (RA), a stereoisomer of ATRA, is a high affinity ligand for both RARs and retinoid X receptors (RXRs). In the presence of 9-cis -RA, RXRs form RAR/RXR heterodimers and/or RXR/RXR homodimers (11, 12) . However, the 9-cis -RA was only slightly more potent than ATRA in inducing myeloid differentiation of myeloid leukemia cells in vitro (13, 14) , and does not reverse clinically acquired retinoid resistance (15) .
The active vitamin D 3 metabolite, 1,25-dihydroxyvitamin D 3 (1,25D), is also a differentiation-inducing agent and an important modulator of cellular proliferation for a number of malignant cell types. This biological response is mediated by binding to nuclear receptors for 1,25D (VDR) that belong to the same steroid receptor superfamily as RARs and RXRs (16) . This ligand-inducible transcription factor mediates the 1,25D signaling pathway by binding to specific response elements in the promoter region of genes regulated by 1,25D. The VDR can function as a homodimer (VDR-VDR), but probably more often heterodimerizes with RXR (17) (18) (19) (20) . The clinical use of 1,25D for leukemia is limited due not only to its calcemic side-effects, but also because 1,25D alone fails to eliminate the leukemic clone (21) (22) (23) .
The KH 1060, CB1093, and KH1266 ( Fig. 1 ) belong to the family of 20-epi vitamin D 3 analogs. These compounds are considerably more potent in vitro than 1,25D in their inhibition of clonal growth of leukemic (24) (25) (26) , breast (27) , and prostate (28) (29) cancer cell lines, but these analogs have less or the same calcemic effects as 1,25D (29) .
Recently, evidence has accumulated that ligands that bind to RARs are sufficient to inhibit proliferation and to induce differentiation of promyelocytic leukemic cells, but cannot cause apoptosis. Induction of apoptosis may require ligandactivation of RXRs (30) (31) (32) (33) . Therefore, the combination of 9-cis -RA and 1,25D analogs may activate an overlapping set of genes that induce irreversible myeloid differentiation and apoptosis. This combination therapy, rather than a retinoid alone, may more effectively eradicate the APL clone.
In this study, we pursued two related aims. First, find a potent combination of a 20-epi vitamin D 3 analog and a retinoid that could mediate irreversible inhibition in vitro of proliferation of NB4 cells and fresh APL blasts. Second, study the cross talk between retinoids and 20-epi vitamin D 3 analogs required to inhibit proliferation and induce differentiation and apoptosis of APL cells.
Methods
Cells. The NB4 promyelocytic cell line with a reciprocal chromosomal translocation t (15, 17) resulting in the fusion of PML with RAR alpha gene, was established from a patient with APL in relapse who had received ATRA (34) . The cells, generously provided by Dr. Lanotte (I.N.S.E.R.M., Hôpital Saint-Louis, Paris, France), were cultured in RPMI (Sigma Chemical Co., St. Louis, MO) with 10% FCS (Irvine Scientific, Santa Ana, CA) in culture flasks (Costar Corp., Cambridge, MA).
Fresh mononuclear cells (Ficoll-Paque; Pharmacia Biotechnology, Uppsala, Sweden) were isolated from blood drawn at diagnosis, after informed consent, from a 62-yr-old female with APL with 80% promyelocytes in her peripheral blood; these cells had the typical t (15, 17) Studies of induction of differentiation. Differentiation of NB4 was assessed by the ability of the cells to produce superoxide as measured by reduction of nitroblue tetrazolium (NBT) (35) , by staining for ␣ -naphthyl acetate esterase (NSE) (Sigma Chemical Co.), by morphology as detected on cytospin preparations stained with Diff-Quick Stain Set (Baxter Healthcare Corp., Miami, FL) and by analysis of several membrane-bound differentiation markers (CD11b, CD11c, CD14, HLA-DR, CD16, CD69) using one-and two-color immunofluorescence. The latter was performed as described (26) . Briefly, cells were incubated at 4 Њ C for 60 min in 10% human AB serum (Sigma Chemical Co.) to block Fc receptors, and then stained with either one-or two-color FITC-conjugated murine monoclonal antibodies to CD11c, CD14, CD16, CD69, HLA-DR and/or with propidium iodide (PE)-conjugated mAb to human CD11b. The two-color immunofluorescence for CD14/HLA-DR used PE-conjugated CD14 mAb. Cell cycle analysis by flow cytometry. Cell cycle was analyzed by flow cytometry after 3 d of incubation of NB4 either with or without analogs (10 Ϫ 6 M) as described (26) . Briefly, the NB4 cells cultured for 3 d, were gently removed with a disposable cell scraper (Costar Corp.), washed in DPBS, fixed in methanol, and incubated for 30 min at 4 Њ C in the dark with a solution of 5 g/ml propidium iodide, 1 mg/ml RNase (Sigma Chemical Co.), and 0.1% Nonidet P-40 (Sigma Chemical Co.). Analysis was performed immediately after staining using the CELLFit program (Becton Dickinson & Co.) whereby the S-phase was calculated with an RFit model.
Clonogenic assay in soft agar. The NB4 cells were cultured in a two-layer soft agar system for 10 d without adding any growth factors, as previously described, and colonies were counted using an inverted microscope (36) . The analogs were added to the upper layer of agar on day 0. For analysis of the reversibility of the effects of the analogs, the cells were cultured in suspension culture with and without analogs. On the 3rd d, the cells were very gently removed with a disposable cell scraper and washed twice in culture medium containing 10% FCS to completely remove the test-analogs; the cells were then counted and clonogenic assay was performed. Apoptosis. Apoptosis of NB4 cells was assessed by changes in cell morphology and by analysis of DNA fragmentation. Morphologically, NB4 cells undergoing apoptosis possess many prominent features such as intense staining, highly condensed and/or fragmented nuclear chromatin, a general decrease in overall cell size, and cellular fragmentation into apoptotic bodies (31) . These features make apoptotic cells relatively easy to distinguish from necrotic cells. The NB4 cells, after exposure to analogs, were washed with DPBS and analyzed for apoptosis on cytospin preparations stained with Diff-Quick Stain Set. Apoptotic cells were enumerated in ‫ف‬ 300 cells by light microscopy. DNA fragmentation was also confirmed by a modification of the method of Sellins and Cohen (37), as described previously (27) .
Detection of bcl-2 and bax by immunohistochemistry. NB4 cells that had been cultured in liquid media with and without analogs for 3 d, were placed on glass slides by cytocentrifugation, fixed in cold buffered methanol/acetone, and rinsed with normal swine serum for 10 min. The bcl-2 protein was detected with a murine monoclonal anti-human bcl-2 (DAKO Corp., Carpinteria, CA) at a 1:300 dilution as described previously (26) . Intracellular bax protein was detected with a rabbit polyclonal anti-human bax antibody (26, 38) . Briefly, cells were fixed and permeabilized in 1% paraformaldehyde and icecold 70% ethanol. The pelleted cells were preblocked in 4% human AB serum for 30 min at 4 Њ C, and then rabbit anti-human bax polyclonal antibody (1:500) was added. Incubation with the primary antibody (30 min) was followed by exposure to horseradish peroxidaseconjugated rabbit anti-mouse antibody (DAKO Corp.) diluted 1:50 in PBS and the 3,3 ′ -diaminobenzidine substrate. The slides were counterstained with methyl green. Control slides substituted PBS for the primary antibody.
Detection of bax cellular content by flow cytometry. After staining with a rabbit polyclonal anti-human bax antibody as described above, and extensive washing, the cells were incubated with FITCconjugated goat anti-rabbit IgG (1:100) (Organon Teknika-Cappel, West Chester, PA). Control samples were incubated with PBS instead of primary antibody before incubation with FITC-conjugated goat anti-rabbit IgG. Analysis was performed with a FACScan ® cytometer, using the LYSYS II program, and by fluorescence microscopy.
Detection of bcl-2, bax, and myeloperoxidase cellular content by immunoblotting. Western blot analysis was performed with polyclonal rabbit anti-bcl-2 antibody N19 (Santa Cruz Biotechnology, Santa Cruz, CA), which reacts with the human bcl-2 protein of 26 kD (39, 40) , a rabbit polyclonal anti-bax antibody that reacts with the human bax protein of 21 kD, and rabbit polyclonal anti-myeloperoxidase (MPO) antibody, which recognizes the 55 kD MPO protein (41). Briefly, an equal number of cells (10 6 ) were lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing the freshly added protease inhibitors aprotinin (30 g/ml), PMSF (100 g/ml), and sodium orthovanadate (100 mM). After equalizing the amount of protein by a fluorescence protein assay (Bio-Rad Laboratories, Hercules, CA), cell lysate (30 g of protein per lane) was mixed with an equal volume of sample buffer (125 mM Tris-HCl, pH 6.8, 4% SDS, 20% glycerol, 10% 2-beta-mercaptoethanol, 0.02% bromophenol blue), denatured for 90 s at 100 Њ C, and electrophoresed on a 7.5% SDS-PAGE for MPO, and on a 12% gel for bcl-2 and bax. Proteins were electrophoretically transferred onto immobilon membranes (Millipore Corp., Bedford, MA). Blocking was performed for 1 h with TBS including 0.05% Tween-20 and 5% skim milk. The membranes were sequentially incubated for 45 min with a primary monoclonal murine anti-bcl-2 antibody (1:50), with a polyclonal rabbit anti-human bax antibody (1:500) and a polyclonal rabbit anti-human antibody against MPO (1:1,000). After two washes with TBS/0.05% Tween-20, the membranes were incubated for 30 min with horseradish peroxidase-conjugated sheep anti-mouse or -rabbit IgG (Amersham Corp., Arlington Heights, IL). After four subsequent washes, the bound antibody was visualized with enhanced chemiluminescence reagents (Amersham Corp.), and the membranes were immediately exposed to x-ray film. Membranes were stored wet wrapped in SaranWrap ® in the refrigerator (2-8 Њ C) after immunodetection.
For detection of a second protein, the membranes were incubated in stripping buffer (100 mM 2-beta-mercaptoethanol, 2% sodium dodecyl sulfate, 62.5 mM Tris-HCl, pH 6.7) at 50 Њ C for 30 min with occasional agitation, washed twice for 10 min in TBS at room temperature using large volumes of wash buffer and blocked with 5% blocking reagent TBS for 1 h at room temperature. After this procedure, immunodetection was performed as described above. Densitometric measurements were done by using "UVP gel analysis suite."
Phagocytosis. The NB4 cells after exposure to analogs were washed twice with PBS, cultured in regular medium for 1 d, and then tested for their ability to phagocytose yeast. The method developed for studying phagocytosis has been described in detail by Territo and Cline (42) . Briefly, Candida albicans were opsonized in 10% human AB serum. A 5:1 ratio of C. albicans to leukemic cells was incubated at 37 Њ C for 30 min. The cells were stained with Diff-Quick Stain Set, and the percentage of cells completely ingesting one or more yeasts was determined microscopically.
Incubation with ␥ -interferon. After 3 d of cultivation either with or without analogs, the cells were collected from flasks, washed twice in culture medium to remove the analogs, and replaced in fresh medium. 100 U/ml ␥ -IFN (Boehringer Mannheim Biochemicals, Indianapolis, IN) were added to NB4 cells, and cells were incubated in suspension culture for 2 d. Control NB4 cells (untreated or cultured with either KH 1060, 9-cis -RA, or both) were incubated for the same duration as the experimental cells in culture medium without ␥ -IFN.
Analysis of effects of combination of drugs. Isobologram analysis was used to evaluate the effect of combinations of drugs on leukemic cells (43) . Dose-dependent activities were determined separately for each compound, and then the effects were determined for the combination of one compound held at a fixed concentration and the other at different dilutions. The interaction of two compounds was quantified by determining the combination index (CI) according to the classic isobologram equation (44):
where Dx is the dose of one compound alone required to produce an effect, and ( D ) 1 and ( D ) 2 are the doses of both compounds that produce the same effect. From this analysis, the combined effects of two analogs can be assessed as either summation (additive or zero interaction), indicated as CI ϭ 1; synergism, indicated as CI Ͻ 1; or antagonism, indicated as CI Ͼ 1. Other statistical data were handled using the Student's t test. 
Results

Clonal proliferation of NB4 cells was synergistically decreased by the combination of KH 1060 and 9-cis-RA
To study the effects of different analogs or a combination of analogs on clonogenic growth of NB4 cells, the two-layer soft agar system was performed. The SR11236 (RXR␣-specific analog) and SR11238 (analog with anti-AP-1 activity) had little effect at 10
Ϫ11
-10
Ϫ7 M on inhibition of clonal proliferation of NB4 cells in soft agar (Fig. 2) . In contrast, 9-cis-RA (RAR/RXR, RXR/RXR-specific ligand) and ATRA (RAR/RXR binding ligand) showed a dose-dependent inhibition. The effective dose inhibiting 50% of colonies (ED 50 ) occurred at 10 Ϫ9 M for ATRA and 5 ϫ 10 Ϫ9 M for 9-cis-RA (Fig. 2) .
The 1,25D showed no inhibition, but rather slightly stimulated clonal proliferation of NB4 cells at 10 Ϫ12 -10 Ϫ8 M (Fig. 2) . In contrast, the 20-epi-vitamin D 3 analogs (KH 1060, CB1093, and KH1266) were potent inhibitors of NB4 clonal proliferation with an ED 50 of 5 ϫ 10 Ϫ11 , 5 ϫ 10
Ϫ11
, and 5 ϫ 10 Ϫ9 M, respectively (Fig. 3) . The combination of the most potent analogs, 9-cis-RA (10 Ϫ9 M) with KH 1060 (10
-10 Ϫ9 M) produced a synergistic effect (CI Ͻ 1) on inhibition of clonal growth (ED 50 ϭ 10 Ϫ12 M) (Fig. 4) . Clonal growth was nearly undetectable when both analogs were combined at 10 Ϫ9 M (Fig. 4) . acted synergistically (CI Ͻ 1) by inducing 99% NBT-positive cells (Fig. 6) . The NSE is a monocytic-specific enzyme. About 10% of wild-type NB4 cells express weak NSE (fine granules) (Figs. 6  and 7 A) . No significant increase of this enzyme was observed after incubation with either 9-cis-RA (16%) or KH 1060 (18%) (10 Ϫ6 M, 3 d). However, the combination of both analogs (5 ϫ 10 Ϫ7 M, 3 d) synergistically increased (CI Ͻ 1) the percentage of NSE-positive NB4 cells to ‫ف‬ 80% (Fig. 5) , and those cells that were positive had prominent expression of the enzyme (Fig. 7 B) .
Likewise, the ability to phagocytose C. albicans by NB4 cells increased significantly (46%) after incubation with the combination of both analogs compared with either compound alone (Ͻ 10%) (P Ͻ 0.001) (Fig. 6) . Interestingly, the NBTand NSE-positivity, the ability to phagocytose C. albicans (Fig.  8 A) and undergo apoptosis (Fig. 8 B) , which were observed after exposure of the NB4 cells to both analogs (5 ϫ 10 Ϫ7 M, 3 d), persisted even 2 d after washing the cells free of the combination of KH 1060 and 9-cis-RA (data not shown).
Morphology. Both untreated NB4 cells and those cultured for 3 d with either KH 1060 or 9-cis-RA (10 Ϫ6 M, 3 d) continued to have predominantly the morphology of promyelocytic leukemia cells with large spherical nuclei surrounded by a thin shell of basophilic cytoplasm (Fig. 9 A) . In contrast, the cells cultured with both KH 1060 and 9-cis-RA (5 ϫ 10 Ϫ7 M, 3 d) developed condensed, lobulated nuclei characteristic of cells undergoing granulocyte-like differentiation (Fig. 9 B) . Importantly, ‫ف‬ 85-90% of these cells became strongly adherent to the plastic culture dishes. In contrast, no adherence was observed after incubation with either KH 1060 or 9-cis-RA (10 Ϫ6 M, 3 d, data not shown).
Myeloperoxidase is an enzyme synthesized at the promyelocytic stage of differentiation, which markedly decreases with myeloid maturation (45) . Untreated NB4 cells expressed prominent levels of MPO protein on Western blot (Fig. 10) . In sharp contrast, expression of the MPO protein decreased drastically during incubation of the cells with either KH 1060 or 9-cis-RA (10 Ϫ6 M, 3 d), and expression was nearly undetectable after culture with both 9-cis-RA and KH 1060 (10 Ϫ6 M, 3 d) (Fig. 10) .
Analysis of cell membrane differentiation markers of NB4 cells
Two-color flow analysis with mAbs anti-CD11b (␤-integrin subunit, expressed by both granulocytes and monocytes) and CD14 (late monocytic cell surface marker) showed that Ͻ 2% of untreated NB4 cells expressed CD14, and 12% expressed CD11b (Fig. 11) 
/CD14
Ϫ (24%) than either 9-cis-RA (57%) or KH 1060 (70%) alone, but the combination synergistically (CI Ͻ 1) increased the expression of CD11b ϩ /CD14 ϩ (76%) and CD11c ϩ (81%) compared with those cells exposed to either analog alone (Fig. 11) . Also, only the combination of both analogs increased significantly the ex- pression of CD16, the marker of mature granulocytes, from 0.5% in control cells to 10% (P Ͻ 0.01) (Fig. 11) . To our knowledge, this is the first observation that this marker could be induced, albeit on a minority of leukemic cells, by mediators of differentiation.
The HLA-DR, a cell surface marker associated with myeloid differentiation (46) (Fig. 12 ) with high mean fluorescence intensity on the positive cells (data not shown). All cells induced to express HLA-DR also expressed CD14, consistent with their macrophage-like differentiation (Fig. 12) . The expression of CD69 (early marker for activated macrophages) was not observed (Fig. 12) .
Cell cycle analysis of NB4 cells
Analysis of the cell cycle of NB4 cells after exposure to either KH 1060, 9-cis-RA (10 Ϫ6 M, 3 d) or a combination of both analogs (5 ϫ 10 Ϫ7 M, 3 d) is shown on Fig. 13 . 59% of the untreated cells were in G0/G1 compared with 63, 65, and 80% of NB4 cells after culture with either KH 1060, 9-cis-RA, or both analogs, respectively (Fig. 13) . Therefore, the combination of both analogs significantly increased the percentage of cells in G0/G1 compared with control cells (P Ͻ 0.05). The percentage of NB4 cells in S-phase decreased from 34% (untreated control NB4 cells) to 30, 23, and 17% (P Ͻ 0.05) for those cells cultured in the presence of either KH 1060, 9-cis-RA, or the combination of both compounds, respectively.
Induction of apoptosis of NB4 cells
The strong antiproliferative effect of the combination of KH 1060 and 9-cis-RA on NB4 cells in vitro may be caused in part by induction of apoptosis. As shown by analysis of cellular morphology (Fig. 14) , apoptosis was induced in 8 and 28% of NB4 cells after their culture with either KH 1060 or 9-cis-RA (10 Ϫ6 M, 3 d), respectively. Apoptosis only slightly increased to 32% as measured by morphology (Fig. 14) when the cells were cultured with both KH 1060 and 9-cis-RA (5 ϫ 10 Ϫ7 M, 3 d). Apoptosis was confirmed by DNA fragmentation on ethidium bromide-stained agarose gels and by measurement of DNA nicks using Apop Tag Kit (Oncor Inc., Gaithersburg, MD) (data not shown).
Changes in expression of bax and bcl-2 after exposure of NB4 cells to the combination of KH 1060 and 9-cis-RA
Because 9-cis-RA alone or in combination with KH 1060 was able to induce apoptosis, we examined the effects of these analogs on the expression of apoptosis-related genes. Expression of bcl-2 protein, as analyzed by immunohistochemistry, was nearly 100% in untreated NB4 cells, and became almost undetectable (Ͻ 5% cells) when the cells were cultured with the combination of KH 1060 and 9-cis-RA (5 ϫ 10 Ϫ7 M) for 3 d (Fig. 15 ). The cells with apoptotic bodies were almost always bcl-2 negative (data not shown). Exposure to either KH 1060 or 9-cis-RA (10 Ϫ6 M) resulted in 90 and 34% of the cells expressing bcl-2, respectively.
The expression of bax in untreated NB4 cells as measured by immunohistochemistry was ‫ف‬ 50%. The number of cells expressing bax protein increased significantly after incubation with 9-cis-RA alone (85%, P Ͻ 0.01), and the combination of KH 1060 plus 9-cis-RA (94%) had little additional effect compared with 9-cis-RA alone (Fig. 15) . These data were confirmed by Western blot analysis (Fig. 10) and by flow cytometry. Thus, after incubation of NB4 cells with KH 1060 alone, the number of bax-expressing cells (Fig. 16 ) was comparable to untreated cells (59 vs. 55%), whereas 9-cis-RA alone, or combined with KH 1060, induced bax in almost all NB4 cells (94 and 96%, respectively). Of note, the treatment of both analogs resulted in higher bax density than 9-cis-RA alone (2.4 vs. 1.4 relative fluorescence intensity index).
The effect of KH 1060, 9-cis-RA, and their combination on differentiation of fresh leukemic cells from an APL patient
The fresh APL cells from an untreated individual were unable to form colonies in the presence of either leukocytes condition medium (20%), GM-CSF (Leukine, 20 ng/ml; Immunex Corp., Seattle, WA), or PYXY321, a recombinant GM-CSF/IL-3 fusion protein (20 ng/ml, Immunex Corp.) (data not shown). The 9-cis-RA alone (10 Ϫ6 M, 3 d) induced ‫ف‬ 21% of APL cells to differentiate to metamyelocytes and bands, and 45% became NBT-positive (P Ͻ 0.05). Interestingly, many of these mature forms still had Auer rods or bundles of Auer rods (data not shown). Exposure to the combination of both analogs (5 ϫ 10 Ϫ7 M, 3 d) synergistically increased differentiation compared with either 9-cis-RA or KH 1060 alone: ‫ف‬ 42% of the APL cells differentiated to metamyelocytes or bands, and 76-84% of the cells became NBT-positive (P Ͻ 0.05) ( Table I ). The KH 1060 (10 Ϫ6 M) even after 5 d, did not induce differentiation of APL blast cells.
The leukemic cells from the APL patient were induced to express CD11b by 9-cis-RA (49%), but not by KH 1060; the combination of both did not increase expression of CD11b as compared with 9-cis-RA alone. In contrast with NB4 cells, fresh APL cells did not acquire macrophage-like characteristics after exposure to the analogs, as shown by their lack of expression of CD14 and NSE (Table I) , as well as their lack of macrophagelike morphology (data not shown).
Most of the fresh APL cells (89-98%) were in G0/G1 and did not undergo apoptosis (1-15%) after 3 d of incubation with either 9-cis-RA, KH 1060, or both analogs (data not shown). The 9-cis-RA alone and in combination with KH 1060 strongly decreased the number of APL blasts that expressed bcl-2 protein, from 98% in control cultures to 10 and 8%, respectively, as measured by immunohistochemistry (Table I) . In contrast, the percentage of cells expressing bax as measured by immunohistochemistry increased from 26% in control cultures to 40% after exposure to 9-cis-RA alone (P Ͻ 0.05). The combination of both KH 1060 and 9-cis-RA increased the bax positive cells from 26 to 59% and markedly increased the bax: bcl-2 ratio to 9.8 compared with 0.3 in control dishes (Table I) .
Discussion
Hematopoiesis is regulated by a balance of cellular proliferation, differentiation, and apoptosis. Imbalances of regulation may lead to inappropriate growth of the cells. APL is characterized by a block in differentiation of the leukemic cells at an immature, proliferating stage of development (47, 48) . Treatment options, therefore, include not only new cytostatic drugs but also differentiation-and apoptosis-inducing agents.
Our data showed that the 20-epi vitamin D 3 analogs (KH 1060, CB1093, KH1266) are powerful inhibitors of clonal growth of NB4 cells; in contrast, 1,25D had either little or no effect on inhibition of clonal proliferation of these leukemic cells. The mechanism mediating these effects is unclear. The 20-epi family of vitamin D 3 analogs (Fig. 1) differs markedly from 1,25D in their conformational distribution (49) . The side chain of these analogs is directed to the left, while it is directed to the right in the "normal" isomers. This can induce significant change in the conformation of the vitamin D 3 receptor upon binding to the ligand, and thereby produce differences in the biological selectivities of these compounds. The HL-60 and U937 cells do not contain a PML-RAR␣ fusion protein, but do express normal RARs and RXRs (50, 51) , and both are inhibited in their clonal proliferation by 1,25D. In contrast, the PML-RAR␣ fusion protein, which is present in NB4 cells, can heterodimerize with RXR and prevent RXR from going to its normal nuclear localization (52) . The sequestration of RXR by PML-RAR␣ is reversed when the cells are treated with ATRA, resulting in RXR returning to a diffuse nuclear pattern (53) . The interaction of PML-RAR␣ with RXR may interfere with other nuclear receptor pathways that involve RXR. One study suggested that, by competing for RXR, PML-RAR␣ can inactivate the vitamin D 3 receptor (54). The 20-epi analogs can efficiently enhance homo-and heterodimerization of VDR with VDR and RXR as compared with 1,25D, which predominately forms VDR/RXR heterodimers (17, 55, 56) . The competition between the RAR and VDR for association with RXR may provide an additionally important control step for these ligands (18) .
The retinoids (9-cis-RA and ATRA) were not as potent as KH 1060 and CB1093 in inhibiting clonal proliferation of NB4 cells (ED 50 , 10 Ϫ9 M), and the SR11236 (RXR␣-specific analog) and SR11238 (anti-AP analog) showed no inhibitory activity on clonal growth of NB4 cells. The data with SR11236 paralleled our previous data (57) , which showed no inhibition of clonal proliferation of HL-60 myeloid leukemic cells with another RXR␣-specific analog (SR11217). Also, we have observed that an anti-AP analog (SR11238) was unable to inhibit the clonal growth of HL-60 cells (58) . Therefore, retinoids that are either RXR-or anti-AP-1-selective probably have little role in either normal or abnormal hematopoiesis. In contrast, these analogs do have antiproliferative activities in solid tumors including prostate and cervical cancer cells (59, 59a) . The combination of KH 1060 and 9-cis-RA synergistically enhanced the inhibition of clonal growth of NB4 cells, and this inhibition was irreversible. This combination of analogs arrested the NB4 cells in G0/G1 of the cell cycle. The combination of CB1093 and 9-cis-RA had a similar effect on inhibition of clonal proliferation and G0/G1 cell cycle arrest of the NB4 cells (data not shown).
Our differentiation data indicated that neither 9-cis-RA nor KH 1060 (10 Ϫ6 M, 3 d) separately were strong inducers of differentiation of NB4 cells as measured by NBT, NSE, expression of surface antigen markers of differentiation, and morphological criteria. Examination of levels of the MPO protein gave a different result. The MPO gene is expressed at the promyelocyte stage of differentiation and transcription of the protein ceases during further monocytic and granulocytic differentiation. The MPO protein is strongly expressed in NB4 cells, and levels rapidly decreased after incubation with either 9-cis-RA or the combination of both 9-cis-RA and KH 1060 as measured by Western blot. Surprisingly, exposure of the cells to KH 1060, which did not have a marked effect on other parameters of differentiation, did prominently decrease levels of MPO (90% decrease). These data suggest that the suppression of expression of this azurophilic (primary) granule protein is under a different pathway of control than are the other markers of differentiation.
When NB4 cells were exposed to both KH 1060 and 9-cis-RA, they functionally differentiated to phagocytic cells engulfing both yeast and apoptotic cells. Interestingly, they displayed a neutrophil-like morphology, while exhibiting several properties specific to monocytic cells; e.g., high level of expression of CD14 and prominent display of monocytic-specific esterase activity. In contrast, HL-60 myeloblasts could not be induced to express NSE protein after their exposure to a combination of both KH 1060 and 9-cis-RA (25) .
The analysis of cell surface markers by two-color flow detected the increase of expression of CD11bϩ/CD14ϩ, CD11c, and CD16 in NB4 cells after their incubation with the combination of both KH 1060 and 9-cis-RA. We believe that this is the first observation of a significant increase of CD16, a marker of late myeloid differentiation, after treatment of the leukemic cells by modifiers of differentiation. Neither KH 1060 nor 9-cis-RA alone (our data), nor ATRA and/or G-CSF (60) were able to induce the upregulation of expression of this protein on NB4 cells. Furthermore, CD16 was not expressed on HL-60 cells even after 14 d of incubation with 1,25D (61). Expression of the cell surface antigens CD11b, CD11c, and CD14 occurs gradually during the normal development of mature monocytes from hematopoietic stem cells (62, 63) . CD14 is the receptor for the complex of LPS and LPS binding protein (64) , and is perhaps one of the most specific monocytic cell surface antigens (62) . The expression of CD14 was significantly increased after incubation with KH 1060 and increased even more by the combination of KH 1060 and 9-cis-RA. Expression of this molecule was always coupled with CD11b expression. The 9-cis-RA had negligible effects on expression of CD14 on NB4 cells.
CD11b and CD11c are both members of the ␤ 2 integrin family of leukocyte adhesion molecules (65) . Interestingly, although exposure to KH 1060 promotes CD11b expression and 9-cis-RA increases expression of both CD11b and CD11c, only the combination of both analogs was able to cause most ‫ف(‬ 90%) of the NB4 cells to become strongly adherent to the bottom of plastic culture dishes.
HLA-DR is a cell surface marker expressed on monocytes and macrophages and is rarely expressed on myeloid leukemia cell lines, including the NB4 cells. Exposure to ␥-IFN increased the expression of HLA-DR antigens on several other myeloid leukemic cell lines, and 1,25D potentiated this effect (46, 66) . As shown by our data, ␥-IFN did not affect the expression of HLA-DR on NB4 cells. Likewise, neither KH 1060 nor 9-cis-RA alone was able to induce the expression of HLA-DR antigens on this cell line. Previous studies also showed that ATRA did not induce expression of HLA-DR on NB4 cells (100 nM, 2 d) (67) . We have found that ␥-INF was able to induce significantly the expression of HLA-DR on NB4 cells only after priming them with a combination of KH 1060 and 9-cis-RA. The two-color flow analysis with CD14 and HLA-DR indicated that HLA-DR expression was always coupled with CD14 positivity. These cells, however, did not express CD69, an early marker of activated macrophages.
Taken together, as shown by our data and those from other groups, both KH 1060 and retinoic acid alone (60, 68, 69) were able to promote only the early steps of maturation of APL cell lines. This differentiation, however, was either limited or defective and reversible (data not shown). As demonstrated by our data, only the combination of both analogs (KH 1060 and 9-cis-RA) induced irreversible differentiation of NB4 cells to functionally active cells of a mixed granulocytic-monocytic lineage that were arrested in G0/G1. The other 20-epi analogs, either CB1093 or KH1266, in combination with 9-cis-RA, had a similar potency as KH 1060 in the induction of differentiation of NB4 cells (data not shown).
Our data of differentiation in vitro with fresh leukemic cells from a patient with APL at the time of diagnosis indicated that these cells were more sensitive to induction of differentiation by 9-cis-RA, as measured by morphology (Table I) , as compared with the NB4 cell line that was established from a relapsed APL patient after recieving ATRA therapy (34) . However, differentiation of these APL cells was still reversible (data not shown). The combination of both KH 1060 and 9-cis-RA resulted in a synergistic, irreversible induction of differentiation of APL cells towards neutrophils without evidence of monocytic differentiation (Table I) .
To gain insight into the remarkable antileukemic effects of the combination of KH 1060 and 9-cis-RA, apoptosis and expression of the apoptosis-related proteins (bcl-2 and bax) were examined in the NB4 cells. Apoptosis is an active process that contributes to the shaping of organs during embryogenesis, to the maintenance, growth, or involution of tissues, and to the elimination of damaged cells. Dysregulation of this process can contribute to cancer. Our data showed that 9-cis-RA significantly increased the number of apoptotic NB4 cells (28%) compared with control, untreated NB4 cells. The combination of 9-cis-RA and KH 1060 did not significantly induce more apoptotsis compared with 9-cis-RA alone.
The apoptosis-related protein bcl-2, which promotes cell survival, is overexpressed in many types of human tumors. This protein is induced by a wide variety of stimuli, including chemotherapeutic drugs and gamma irradiation (8, 10, 70, 71) . Exposure of NB4 cells to KH 1060 alone did not change the percentage of cells expressing bcl-2, as measured by immunohistochemistry (Fig. 15) , but did decrease the protein level of bcl-2 by ‫ف‬ 50% as measured by Western blot (Fig. 10) . The 9-cis-RA alone dramatically decreased levels of expression of bcl-2 by the two assays. The combination of both compounds resulted in negligible expression of bcl-2 protein (Figs. 10  and 15 ).
The product of the bax gene promotes, rather than blocks, cell death (10) . It has ‫ف‬ 20% homology to the bcl-2 protein, forms heterodimers with bcl-2, and abrogates the latter's ability to suppress apoptosis. Thus, the ratio of bcl-2 to bax often helps to determine cell survival after an apoptotic stimulus (10) . The bax protein is expressed in ‫ف‬ 50% of NB4 cells. After incubation with 9-cis-RA, we observed an increased expression of bax protein; however, KH 1060 had little effect on the level of bax expression (Figs. 10 and 15 ). The combination of both KH 1060 and 9-cis-RA did not change significantly the expression of this protein, as compared with 9-cis-RA alone (Figs. 10 and 15 ). Taken together, the results suggest that the increased level of bax more closely correlated with the induction of apoptosis than did either the level of bcl-2 or the ratio of bcl-2/bax in the NB4 cells. As compared with 9-cis-RA, the combination of KH 1060 and 9-cis-RA resulted in a greater decrease in bcl-2 and increase in the bcl2/bax ratio, but as compared with 9-cis-RA, the combination did not result in a significant increase in apoptosis of NB4.
The incubation of the fresh APL cells with 9-cis-RA alone significantly decreased the number of bcl-2 positive cells (P Ͻ 0.001) and increased the number of bax positive cells (P Ͻ 0.05) and the bax:bcl-2 ratio (P Ͻ 0.01) compared with control; however, only 11% of blasts underwent apoptosis after 3 d of treatment, as measured by morphology, and DNA nicks using the ApopTag Kit (data not shown). The combination of both 9-cis-RA and KH 1060 did not significantly increase the percentage of apoptotic cells, even though the bax:bcl-2 ratio was about two times higher in the APL cells as compared with those cultured with 9-cis-RA (Table I) . Our explanation for this disparity in levels of apoptotic-related proteins and apoptosis is that the main effect of both analogs on APL cells is the induction of irreversible differentiation to functionally active cells. Mature granulocytes represent the most abundant and shortest lived of all the hematopoietic cell populations, and apoptosis appears to be an essential component of terminal differentiation for aging neutrophils (72) . The period of cultivation in our experiment (3 d) was too short for the promyelocytic leukemic cells to terminally differentiate and undergo apoptosis. In fact, after 5 d of cultivation of fresh APL cells with a combination of both analogs, almost all cells underwent apoptosis, as measured by morphology.
Taken together, our data demonstrate that the combination of a 20-epi vitamin D 3 analog with 9-cis-RA is a powerful inhibitor of proliferation and a strong inducer of irreversible differentiation of APL cells. The combination of these secosteroids may provide an alternative approach to therapy of APL and may be effective in other types of tumors.
